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NOTICE 

This report  w a s  prepared as an a c c s u t  of Goverr~e~~-sFonsored xork. 
United S ta tes ,  nor t h e  National Aeronautics and Space Administration (NASA), nor any 
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a. Makes any warranty or representation expressed 9r implied w i t h  respect 
t o  t h e  accuracy, completeness, or  usefulness of t h e  information 
contained i n  this  report ,  o r  t h a t  t h e  use of any information, apparatus, 
method, or  process disclosed i n  t h i s  report  may not in f r inge  pr ivately-  
owned r igh ts ;  or 

b. Assumes any l iab i l i t i es  with respect t o  t h e  use of, o r  fQr damages 
resu l t ing  from t h e  use of any information, apparatus, method, o r  process 
disclosed i n  t h i s  report .  

A s  used above, "person ac t ing  on behalf of NASA" includes any employee or  contractor 
of NASA, or employee of such contractor, t o  t he  extent tha t  such employees or  
contractor of NASA, or employee of such contractor prepares, disseminates, or  pro- 
vPdes access to ,  any information pursuant t o  h i s  employment o r  contract  w i t h  NASA, 
or  h i s  employment; w i t h  suah contractor. 
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National Aeronautics and Space Administrat ion 
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Washington, D. C . 20546 
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Maryuardl CORFVRA TON V A N  NUYS, C A L I f O I N I A  Report No. 25,105 

ABSTRACT 

The purpose of t he  investigations described i n  t h i s  r e p w t  was t o  
continue empirical s tud ies  on biochemical f u e l  c e l l s  f o r  degrading human 
wastes and producing e l e c t r i c a l  energy therefrom. Spec i f ica l ly ,  t he  study 
includes the  attachment of organisms t o  electrode mater ia ls ,  e iectroae pre- 
treatment and configuration, t h e  select ion of su i t ab le  organisms and 
separator materials,  se lec t ion  of e lec t ro ly tes  and addi t ives ,  s t r u c t u r a l  
mater ia ls  and control devices, and storage and performance cha rac t e r i s t i c s ,  

During t h e  Second Quarter,[ investigations have been made of the  e lec t ro-  
l y t i c  r e s i s t i v i t i e s  of a l l  of t h e  e lec t ro ly tes  and separators  used i n  the 
b iofue l  c e l l s  i n  t h i s  laboratory.)  It was found t h a t  care  must be exercised 
i n  t h e  use of ur ine i n  these t e s t $ ,  because the  ur ine  i s  usual ly  s tored for 
convenience before use, but s a l t s  are prec ip i ta ted  and agglomerates form 
during freezing. 
u r ine  by heating gent ly  (120(??) a f t e r  thawing, t h e  e l e c t r o l y t i c  r e s i s t i v i t y  
of' t h e  previously frozen ur ine i s  appreciably higher than Chat of f r e sh  
ur ine.  

If t h i s  mater ia l  is not redissolved and redispersed i n  t h e  

Ce l l  constants have also been obtained, t o  be used i n  determining the  
spec i f i c  r e s i s t i v i t i e s  of t h e  e lec t ro ly tes  and separators.  

Measurements of t h e  spec i f ic  r e s i s t i v i t i e s  of a l imited number of 
separators  and of ion exchange membranes ( a  t o t a l  of four)  were made. There 
w a s  only a small difference i n  the  spec i f ic  r e s i s t i v i t i e s  of t he  mater ia ls  
selected,  and s o  q, par t i cu la r  brand of cel lulose ace t a t e  has been chosen f o r  
fu r the r  s tudies ,  f o r  consistency i n  reporting dqta. It was chosen f o r  i t s  
acceptably low e l e c t r o l y t i c  r e s i s t i v i t y  and successful r e t a rda t ion  of 
contamination of anode and cathode media i n  the  ce l l .  

Throughout these s tudies ,  consistency i n  data a r e  being sought wherever 
possible.  For t h a t  reason, many variables of the  b iofue l  c e l l  systems are  
not being studied a t  t he  present time. 
been standardized with regard t o  materials and construction of electrodes,  
separators ,  cathode media, s t ruc tu ra l  materials,  and cleanlng and s t e r i l i z -  
a t  ion techniques. 

The systems (flow and non-flow) have 
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ABSTRACT (Continued) 

Reproducibility s tudies  a r e  per iodical ly  made of these systems a t  a 
s e t  of standardized conditions, and t h e  data obtained a r e  subjected t o  
s t a t i s t i c a l  analysis  t o  p r w e  the  imar i anze  of t he  sys t em and tezhniqAes 
w i t h  time. Reproducibility of the data  obtained are generally sa t i s fac tory .  

Polar izat ion and power curves have been obtained from t h e  flowing 
I 

' sys tem using feces-urine mixtures and the  supernatant l i qu id  of a feces- 
' urine mixture, obtained by centrifugation. 

1 dens i ty  a t ta ined  with the  flowing system has been 1.3 m i l l i w a t t s  per square 
foot . 

The maximum peak anodia power 

Similar polar izat ion and power curves have been obtained from t h e  non- 
f l o w  system, using feces-urine mixtures i n  various r a t i o s ,  e i t h e r  f r e sh  or 
frozen, w i t h  indigenous or added microorganisms, and from vegetarian or 
omnivorous d i e t s .  The maximum peak anodic power densi ty  a t ta ined  from the  
non-flow system w a s  4.0 mill iwatts per square foot ,  and a t o t a l  power densi ty  
of 9.2 m i l l i w a t t s  per  square foot .  The anodic open-circuit po ten t ia l s  have 
ranged from 0.462 vol t  t o  0.719 v o l t  fo r  t h e  various fuel-anolyte mixtures. 

Limited l i t e r a t u r e  surveys are continuing on sewage treatment, chemical 
ana lys i s  of ur ine and feces,  and e f f ec t s  of materials on microorganisms. 
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STUDY OF BIOCHEMICAL FUEL CEXLS 

I. Introduction 

This report  covers t h e  progress a t t a ined  during t h e  Second Quarter, 
1 August through 31 October 1963, i n  t h e  Study of Biochemical Fuel  Cells, 
Contract No. NASw-654. 
s tudies  on biochemical f u e l  c e l l s  for  producing e i e c t r i c a l  energy through 
degradation of human waste. 

The purpose of t h i s  program i s  t o  conduct empirical 

11. Elec t ro ly t ic  Conductivity and Cell Constants 

The impedance bridge and conductivity c e l l  shown i n  Figure 1 and des- 
cribed i n  Section V I  has been u s e d t o  determine the  c e l l  constants of t h e  various 
c e l l s ,  and t o  measure t h e  e lec t ro ly t ic  conductivit ies of t h e  solut ions and 
separators i n  use i n  t h i s  laboratory. 
obtained at  a frequency of 400 cycles per  second are tabulated below. 
da ta  are presented i n  Table I. 

Some typ ica l  res is tances  of solut ions 
Detailed 

Elec t ro ly t ic  

exceeds 2 x 10 6 

Substance Resistance (ohms) 

Deionized water 

Saturated K C 1  3.1 

0.1 N W = l  148.8 

5% by wt.  N a C l  + 5% KC1 13.24 

Urine, f r e sh  59.81 

Urine, frozen and thawed* 92.2 

The above e lec t ro ly tes  represent those current ly  i n  use i n  t h i s  labor- 

The purpose 00 t ha t  measurement w a s  t o  determine t h e  e f f ec t  on 
atory,  with t h e  exception of t h e  urine t h a t  w a s  frozen and thawed at  room 
temperature. 
t h e  e l ec t ro ly t i c  conductivity of the ur ine i f  t h i s  mater ia l  was not redissolved. 
Although f r e sh  urine has been used i n  some of t h e  biofuel  c e l l  experiments, t h e  
ur ine i s  usual ly  frozen and stored f o r  convenience. The frozen ur ine i s  not 
only thawed before use, but i s  heated gent ly  (120'F) t o  put t h e  s o l i d  p a r t i c l e s  
back in to  solution; an e n t i r e  container of ur ine i s  thawed and mixed thoroughly 
before a port ion is withdrawn. 
reduces t h e  e l ec t ro ly t i c  conductivity of t h e  solution. 
which t h e  ur ine is  reheated i s  not high enough t o  be detrimental  or t o  decompose 
t h e  const i tuents  of urine.  

The removal of t he  so l id  p a r t i c l e s  from urine 
The temperature t o  

*The ur ine w a s  thawed a t  room temperature, but was not heated t o  redissolve 
prec ip i ta ted  salts or redisperse agglomerates. 



Measurements were a l s o  made of t h e  e l e c t r o l y t i c  res i s tances  of various 
types of separator materials.  
extensive a t  t h i s  t h e ,  and w a s  limited t o  one anion exchange membrane, one 
mtim exchange membrane, one d ia lys i s  membrane, and one form of cel lulose 
acetate .  
and de ta i led  data  are presented i n  Table 11. 

The invest igat ion was not intended t o  be 

The spec i f ic  r e s i s t i v i t i e s  of t h e  separators are summarized below, 

Separator 

Spec i f ic  
Res i s t iv i ty  
(ohm-cm. ) 

Anion exchange membrane 33 96 

Cat ion exchange membrane 47.2 

Dialysis membrane 79.6 

Only e r r a t i c  r e s u l t s  have been obtained when t h e  r e s i s t i v i t y  of t h e  cel lulose 
ace t a t e  w a s  measured. 

Measurements of t h e  r e s i s t i v i t i e s  of t h e  separators were made i n  t h e  
conductivity c e l l  shown i n  Figure 1; t h e  c e l l  has an in t e rna l  diameter of 
40 m i l l i m e t e r s  and t h e  dis tance between electrodes i s  approxirnately 10 inches. 

Another property of separators t h a t  i s  of primary importance i n  t h e  
'biochemical f u e l  c e l l ,  and which is  a l so  being evaluated i n  t h i s  laboratory, 
i s  t h e  a b i l i t y  of t h e  separator t o  r e t a rd  t h e  contamination of t h e  electro-  
lytes caused by mass di f fus ion  through the  membrane, both chemically and 
bacter iological ly .  On t h i s  basis,  t h e  d i a lys i s  membrane above and l i s t e d  i n  
Table I1 i s  not used i n  t h e  present s tudies;  although it presents  a r e l a t i v e l y  
low e l ec t ro ly t i c  res is tance,  it was found t o  allow gross contamination by 
d i f fus ion  i n  a r e l a t i v e l y  short  period of t i m e .  

Cel l  constants were obtained, using an oscil loscope (Tektronix Type 
502 Dual Beam) with t h e  impedance bridge shown i n  Figure 1. The e lec t ro ly te  
used w a s  saturated potassium chloride i n  deionized water. Detailed data  a r e  
given i n  Table 111, and sample calculations a re  presented i n  Appendix A. 



111. Polar iza t ion  and Power Curves 

Polar iza t ion  and power curves were obtained for  t h e  pumping and non- 
pumping systems. I n  general, t h e  detai ls  of these systems are as follows: 

A. Physical  Description 

i. Fiowing System 

Cell: P l a s t i c  (Luci te)  (see Figures 2 and 3 )  

Electrodes: 

- 
Plat inized screen (904 Pt - lo$ Rh), 80 mesh, 

0.003 i n .  diameter w i r e ,  2-1/8 in .  c l ea r  diameter, 3.54 sq. i n .  geometric 
area). 

th ick) .  
Separator: Cellulose ace t a t e  (Sargent 5-14825, 0,OOJ. i n .  

0-qings : Silicone (Dow Corning s-7180) 

Catholyte: 5 w t .  4 N a C l  - 5$ KC1 i n  steri le,  deionized water; 
non-biological; bubbled with purif ied,  gaseous oxygen. 

Water-Proof and Chemically Resistant Paint :  Temprotec TP220 
Red (Ryan Herco Products Corp., Burbank, Cal i forn ia) .  

Fuel-Anolyte: Composition var ies ;  see individual  experiments 
for  d e t a i l s  .* Mixture w a s  homogenized (Coronet Blender, manufactured by Iom 
Mfg. Co., Manchester, Conn.) and bubbled with aseous helium. 

salts .  Feces was obtained i n  most cases from a co l lec t ion  obtained from 
volunteers on a low-cellulose d i e t ;  t h e  sample w a s  frozen f o r  s torage immediately 
after co l lec t ion .  

When frozen ur ine 
was used, it w a s  thawed and gently heated (120 !F ) t o  redissolve the  prec ip i ta ted  

2. Non-Flow System 

- Cell: Glass, H-shape, O-ring type ( see  Figure 4), 

Electrodes : Plat inized platinum f o i l ,  1 sq. i n .  a rea  (non- 
opposing faces coated with water-proof and chemically r e s i s t a n t  pa in t )  . 

Separator, 0-Rings, Catholyte, Fuel-Anolyte, and Water-Proof 
and Chemically Resis tant  Paint :  Same as f o r  flowing system. 

Detailed data  regarding these  experiments may be found i n  
Table I V .  

*For consistency i n  comparing data, t h e  concentration of t h e  fuel-anolyte has 
usual ly  been 30 grams feces i n  100 m i l l i l i t e r s  ur ine.  
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B. Data - 
1. Flowing System 

a. Urine-Feces: Polar izat ion and power curves were obtained 
with t n e  flowing system, a s  shown i n  Figures 5 and 6. The fuel-anolyte w a s  
30 grams human feces i n  100 mill i l i ters fresh,  human ur ine.  A peak anodic 
power densi ty  of q p r e x i x a t e l y  l . 3  ziillixatts per square foot  was obtained. (Run l,) 

b. Urine-Feces Diluted: A mixture w a s  made of 30 grams 
human feces  i n  LOO m i l l i l i t e r s  fresh, human ur ine.  The mixture was homogenized 
and bubbled with helium gas.  The peak anodic power densi ty  was 0.15 m i l l i w a t t s  
per square foot  and t h a t  of t he  t o t a l  c e l l  w a s  0.22 m i l l i w a t t s  per square foot .  
The mixture w a s  d i lu ted  (10%) w i t h  s t e r i l e ,  deionized water t o  r e t a rd  foaming. (Run 2 )  

c. Supernatant Liquid: A m i x t u r e  w a s  made of 30 grams human 
feces  i n  100 m i l l i l i t e r s  fresh,  human urine.  
t h e  material w a s  centrifuged a t  5000 rpm. fo r  20 minutes, The supernatant l i qu id  
was d i lu t ed  1:l with s t e r i l e ,  deionized water t o  determine t h e  effectiveness of 
t h i s  concentration as a biofuel.  
t o t a l  c e l l  power densi ty  of 0.59 m i l l i w a t t s  per  square foot were obtained. ( R u n  3) 

After mixing and homogenization, 

A peak anodic power densi ty  of 0.33 and a 

2. Non-Flow System 

a. Urine-Feces with Escherichia Coli: Polar izat ion and power 
curves w e r e  obtained f romthe  system employing E. c o l i  i n  a feces-urine mixture 
prepared as described i n  Section N, Phase V, OF t he  Reproducibility Study. 
peak t o t a l  power densi ty  w a s  9.0 m i l l i w a t t s  per  square foot and t h e  anodic power 
densi ty  1.2 m i l l i w a t t s  per square foo t -  t h e  shor t -c i rcu i t  current densi ty  was 
25 milliamperes per  square foot .  (Run 6) 

7 

The 

b. Urine-Feces Supernatant with Escherichia Coli: A fuel-  
anolyte mixture w a s  prepared as-described i n  Phase I11 of t h e  Reproducibility 
Study, Section IV. 
foot and t h e  peak t o t a l  power density 9.2 m i l l i w a t t s  per square foot ,  ( R u n  4) 

The peak anodic power densi ty  w a s  4.0 m i l l i w a t t s  per  square 

c. Lyophilized Frozen and Fresh Frozen Feces: For storage 
purposes, t h e  lyophi l izat ion of feces may be des i rab le  i f  t h e  biochemical and 
electrochemical a c t i v i t y  of t he  feces a re  not affected detrimentally,  A t e s t  
w a s  conducted t o  compare t h e  biofuel cha rac t e r i s t i c s  of lyophilized feces with 
that of f resh  frozen feces. 
III.A.2; two more were assembled i n  which lyophilized feces was  used, 
concentration of lyophilized feces w a s  8 grams i n  10Q mill i l i ters  urine,  which 

Two H-cells were assembled as described i n  Section 
The 



corresponds t o  t h e  concentration of 30 grams of whole feces i n  100 mi l l i l i t e rs  
ur ine used i n  t h e  two c e l l s  described above (whole feces  i s  approximately 75$ 
water by weight). The feces w a s  lyophilized a f t e r  homogenizing i n  d i s t i l l e d  
water; lyophi l izat ion from a feces-urine mixture was not successful.  

The open-circuit po ten t ia l  of t h e  lyophilized material varied 
f ron  +0.100 vo l t  (saturated calornd elect.rode reference) t o  -0.625 vol t  over 
a period of 70 hours, and approached t h a t  of t he  f resh  frozen feces;  however, 
t h i s  value w a s  a t ta ined  by the  fresh frozen feces  a f t e r  only about 5 hours. (Run 5 )  

d. Fresh and Lyophilized Fresh Feces: An experiment was conducted 
t o  compare t h e  biofuel  value of f resh feces with t h a t  of lyophilized f r e sh  feces .  
The f r e sh  feces fuel-anolyte w a s  prepared as  described i n  Section III.A.2. The 
lyophilized f r e sh  feces was i n i t i a l l y  prepared i n  a similar manner, then lyophil-  
ized a s  described i n  Section III.B.2.c; t h e  weight of lyophilized feces  used i n  
t h e  experiment w a s  8 grams, corresponding t o  30 grams of whole feces .  
feces w a s  obtained from a volunteer on a simulated as t ronaut ' s  d i e t ,  low i n  
ce l lu lose .  ( R u n  7) 

The f r e sh  

The peak anodic power densi ty  of the lyophilized f r e sh  feces- 
ur ine  w a s  0.21 mil l iwat ts  per square foot and the  peak t o t a l  power densi ty  
0.42 mil l iwat ts  per  square foot;  the peak anodic power densi ty  of t he  f r e sh  feces- 
ur ine w a s  1.5 m i l l i w a t t s  per square foot .  

Because of t h e  reduction i n  power of t h e  lyophilized feces  as 
compared t o  t h e  f r e sh  feces, an experiment w a s  run t o  determine whether any of 
t he  mater ia l  removed during lyophilization i s  electrochemically ac t ive .  The 
material removed while lyophilizing feces i n  a concentration of 30 grams f r e sh  
feces  i n  100 m i l l i l i t e r s  d i s t i l l e d  water was thawed and used as a fuel-anolyte. 
This  system displayed an anodic open-circuit po ten t i a l  of -0.146 vol t  (versus 
sa tura ted  calomel) as i t s  best  value, but insuf f ic ien t  current w a s  obtained t o  
make a polar izat ion p lo t .  
electrochemically ac t ive  substances i n  the  frozen lyophilized material .  

Therefore, t h e  reduction i n  power w a s  not due t o  

Lyophilized feces w a s  obtained from another company conducting 
similar types of research. The feces w a s  lyophilized i n  a commercial f reeze 
d r i e r .  The lyophilized feces w a s  then mixed with urine,  as described f o r  t he  
study of lyophilized material  i n  Section III.B.2.c, t o  provide comparable data. 
Duplicate t e s t s  were run. 
anodic open-circuit po ten t i a l  w a s  -0,641 vol t  ; t h e  peak anodic power densi ty  
was 4 . 1  m i l l i w a t t s  per  square foot, a t  an anodic open-circuit po ten t i a l  of 
-0.600 vol t ;  and a short-circui t  current densi ty  of 72 milliamperes per square 
foot  w a s  obtained. The reproducibil i ty of t h i s  system i s  shown i n  Figure 7. 

The i n i t i a l  pH of t h i s  mixture was 6.7; the  best 



Report No. 25,105 
Page 6 

e. Feces-Urine Rat io:  Ear l ier  i n  t h i s  program, s tud ies  were 
made of t h e  e f f ec t s  of feces-urine r a t io s .  
only on open-circuit po ten t ia l s  and instantaneous values of po ten t i a l s  and 
currents  obtained at various values of t h e  external  res is tance.  The r e s u l t s  
of these t e s t s  a r e  summarized below: 

However, these  results were based 

R i  Fio. 8 

GIIIS. feces/100 ml. urine 

rr 
-LA 

r 
I 

0 10 

Anodic open-circuit po ten t i a l  
at time of polar izat ion study 
(vo l t  ) -0,220 -0,585 

Peak anodic power densi ty  
(m./sq. f t  . ) 0.022 0.95 

Short - c i r cu i t  current densi ty  
a t  time of polar izat ion study 
(nia. /sq. f t  . ) 2 13 

Iv TTT A A A  

15 25 

-0.385 -0.630 

0.26 1.4 

6 36 

This general  study was repeated t o  ve r i fy  t h e  previous r e s u l t s ,  but a t  s l i g h t l y  
d i f f e ren t  concentrations than those reported above. Results of t h i s  experiment 
are tabulated below: 

Run No. 9 I I1 

Gms.  feces/100 ml. urine 10 20 

Anodic open-circuit po ten t ia l  
at time of polar izat ion study 
(vo l t  ) -0.638 -0.564 

Peak anodic power densi ty  
(m./sq. ft. ) 3 -4  1.85 

I11 IV 

30 40 

-0.488 -0.469 

0.7 0.5 

Short - c i r cu i t  current densi ty  
a t  t i m e  of polar izat ion study 
(ma.  /sq. f t  . ) 30 26 24 22 
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These data  indicate tha t  t h e  optimum feces-urine r a t i o  seems 
t o  be between 10 and 20 grams feces per  100 m i l l i l i t e r s  urine,  disregarding 
t h e  probably erroneous data obtained a t  a concentration of 1 5  grams feces  per  
100 m i l l i l i t e r s  of urine.  

A, <n+nun...+’..- e c -.P 17-2 
~ ~ ~ ~ c ~ c D ~ u L ~  a o p c G b  VI MLAS study is t h e  i=e~ei*sel  OP anodic 

open-circuit po ten t i a l  with time. The order of po ten t ia l s  ea r ly  i n  t h e  
experiment is  reversed later i n  the experiment; e.g., a f t e r  20 hours, t h e  
anodic poten t ia l s  increase w i t h  increasing feces  concentration; whereas after 
62 hours, t h e  anodic poten t ia l s  decrease with increasing feces concentration. 

f .  Comparison of Urine with t h e  Supernatant Liquid from a 
Feces-Urine Mixture: A t e s t  was  conducted t o  comDare t h e  e l e c t r o c h e x c a l  

L 

power output of ur ine with the  supernatant l i qu id  obtained by centrifuging 
a feces-urine mixture, prepared as described i n  Section III.A., at  5000 
revolutions per minute f o r  20 minutes. The data are compared below: 

Description 

pH, I n i t i a l  

pH, F ina l  

Best anodic open-circuit potent ia l  
( v o l t  ) 

Anodic open-circuit po ten t i a l  at  
t i m e  of polar izat ion study ( v o l t )  

Peak anodic power densi ty  
(mw. /sq, f t  . ) 
Short -c i rcu i t  current densi ty  a t  
time of polar izat ion study 
(ma,  /sq. f t  . ) 

Supernatant Liquid 
of a Urine-Feces 

Urine Mixture 

5.7 6.6 

8.9 8.8 

-0.545 -0.687 

-- -0.603 

-- 0.06 

19 -- 

Insuf f ic ien t  current was obtained from t he  ur ine  b iofue l  alone t o  permit a 
polar iza t ion  study. The i n i t i a l  concentration of t h e  urine-feces mixture 
w a s  30 grams feces i n  100 m i l l i l i t e r s  ur ine.  
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g. Comparison of Vegetarian and Omnivorous Feces: An experiment 
was conducted w i t h  t h e  fuel-anolyte mixture prepared as described i n  Section 
I I I .A . ,  but using feces from a vegetarian i n  subs t i t u t ion  f o r  feces from an 
omnivorous d ie t .  The data  a r e  tabulated i n  Table IV, where t h e  peak anodic 
p w s r  densi ty  is reported as 1.6 milliwatts per square foot.  (Run 10) 

IV. Reproducibility 

The reproducibi l i ty  of data obtained from t h e  biochemical fuel c e l l s  has 
been a matter of p r i m r y  in t e re s t  throughout t h i s  program. For t h a t  reason, a 
s e t  of experimental conditions has been establ ished f o r  both t h e  flow and non- 
flow systems, as described i n  Section 1 I I . A .  

The reproducibi l i ty  of data is  established by making reproducibi l i ty  
tes ts  every th ree  o r  four runs. These tests a re  not time-consuming and last 
approximately 24 hours. They provide valuable information i n  ver i fying that t h e  
system i s  t h e  same and invariant  w i t h  time, and i n  eliminating questions regard- 
ing t h e  e f f ec t s  of possible contamination and of changes i n  sources of materials 
or  i n  techniques t h a t  vary over an extended period of t i m e .  

The reproducibi l i ty  t e s t s  were made i n  severa l  phases, t o  determine 
whether chemical and bacter iological  complexities a f fec ted  t h e  reproducibi l i ty .  
The phases are described below: 

Phase I Escherichia c o l i  i n  brain hear t  infusion 

Phase I1 Feces-urine supernatant, E. - -  col i ,  and bra in  hear t  infusion 

Phase I11 Feces-urine supernatant, with l e s s  E. - -  c o l i  and bra in  heart 
infusion than i n  Phase I1 

Phase IY Feces-urine mixture with only indigenous microorganisms 

Feces-urine mixture with centrifuged E. c o l i  - -  Phase V 

In  Phase I, t h e  fuel-anolyte w a s  as simple,and hopefully as invariant ,  

The E. - c o l i  cul ture  w a s  added 
as possible.  This system employed a s ingle  microorganism (fresh Escherichia 
- c o l i )  i n  a pure nutr ient  (b ra in  heart infusion).  
t o  s t e r i l e  bra in  heart  infusion media t o  provide a mixture containing lo$ by 
volume of E. c o l i  cul ture  and go$ media. 
media. 
65 hours, and the  reproducibi l i tywas acceptable, as shown by t h e  data i n  Table 
V. The data i n  Table V r e f l e c t  the worst conditions; i.e., t h e  maximum 
differences i n  open c i r c u i t  potent ia ls  of t h e  four c e l l s  a t  any given time. 

The E. c o l i  w a s  grown i n  bra in  heart - -  - -  
Four c e l l s  were assembled, t h e  t es t  covered a period of approximately 



Phase I1 demonstrated the  reproducibi l i ty  of a fuel-anolyte similar 

The o r ig ina l  feces-urine mixture w a s  prepared a s  described i n  
This mixture was centrifuged at 5000 rpm fo r  20 minutes a t  

A port ion of the  supernatant l i qu id  (50  m i l l i l i t e r s )  was mixed with 

t o  t h a t  of Phase I but containing the  supernatant l i qu id  of a feces-urine 
mixture. 
Section 1 I I . A .  
15°C. 
40 m i l l i l i t e r s  s t e r i l e  bra in  heart  infusion and 10 m i l l i l i t e r s  f r e sh  E. c o l i  
cultlire ( a l s o  i n  brain heart  infusion).  
the  t e s t  l as ted  approximately 16 hours, and the reproducib i l i ty  w a s  sa t i s fac tory ,  
as shown by t h e  data i n  Table V .  

L -  

Again, four c e l l s  were prepared, 

Phase I11 was next, and the fuel-anolyte was  e s s e n t i a l l y t h e  same as i n  

I n  t h i s  phase, 2 m i l l i l i t e r  of E. c z l i  cu l ture  was grown i n  500 m i l l i -  
Phase I1 but with a lower concentration of E. c o l i  and bra in  hear t  infusion 
media. 
l i t e r s  brain hear t  infusion, and 10 m i l i i l i t e r s  of t h i s  inoculum was added t o  
90 m i l l i l i t e r s  of t h e  hunvzn waste supernatant. Again, four  e s sen t i a l ly  
iden t i ca l  c e l l s  were prepared, t h e  t e s t  l a s t ed  approximately 80 hours, and the  
reproducib i l i ty  was sa t i s f ac to ry ,  

- 1 - 

I n  Phase IV, t h e  feces-urine mixture was  employed as t h e  fuel-anolyte, 
w i t h  no additions of microorganisms or  nutr ient  medium. The mixture w a s  t he  
same as t h a t  described on p .  3 . 
and t h e  reproducibi l i ty  of the  four c e l l s  assembled w a s  s a t i s f ac to ry .  
reproducib i l i ty  of t h i s  system i s  shown i n  Figure 9 and i n  Table Y. 

This t e s t  l a s t ed  approximately 18 hours, 
The 

I n  Phase V, t h e  reproducibi l i ty  w a s  determined of a fuel-anolyte t o  
which an external  microorganism was added, but e s sen t i a l ly  without 
accompanying nutr ient .  An 6. c o l i  suspension i n  brain-heart infusion w a s  
centrifuged a t  5000 rpm for-20 minutes; t he  supernatant l i qu id  was removed, 
and t h e  E. c o l i  w a s  suspended i n  l m i l l i l i t e r  s t e r i l e ,  deionized water. The 
resuspen&d E. - c o l i  (1 m i l l i l i t e r )  w a s  added t o  t h e  feces-urine mixture, which 
was prepared-as described i n  Section 1 I I . A .  Four s imilar  c e l l s  were prepared, 
t he  t e s t  l a s t ed  approximately 50 hours, and the  r e s u l t s  were sa t i s f ac to ry .  
The reproducibi l i ty  became poorer with time, and one of t h e  c e l l s  appeared t o  
introduce broader var ia t ions  t h a n  the other th ree  ce l l s .  These var ia t ions  a re  
shown on the  next page. 

- 
- 
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Four ce l l s ,  Four c e l l s ,  Three c e l l s ,  
50 hours 24 hours 24 hours 

Variance 423 89 12.6 

Standard deviation 11.1 9.4 3.55 
+l L 
- A W  

+ -3 

$I Error 43.2 30.7 25.0 

Mean 37 26 12 

The pH of a l l  c e l l s  was 8.7 i n i t i a l l y ,  and 8.4-8.6 at  t h e  completion of t he  
t e s t .  

v. Microbiological Aspects 

The developmental aspects of biochemical f u e l  c e l l  work require  t h a t  
only a l imited microbiological research program be conducted, Indigenous 
organisms must be accepted, since there  i s  no p r a c t i c a l  means at  present of 
s t e r i l i z i n g  human waste i n  space t rave l .  

The indigenous organlsms w i l l  grow according t o  t h e i r  biochemical 
c a p a b i l i t i e s  and under t h e  given nutr ient  and physical  conditions of the f u e l  
ce l l .  The complex nature of t h e  metabolic react ions can be recognized i n  view 
of t h e  number of d i f f e ren t  organisms which might grow, t h e  va r i a t ion  i n  
numbers of any type of organisms which may be eliminated i n  human waste, the  
changes associated w i t h  d i f f e ren t  diets, human physiological variance i n  
i n t e s t i n a l  digest ion of food,and microbiological var ia t ions  such as mutation 
and synerg is t ic  and antagonis t ic  reactions between microbes. 

The supply of human feces  used i n  experiments described i n  t h i s  report  
was obtained by combining t h e  feca l  output of severa l  apparently healthy 
individuals  on a spec ia l  low-cellulose d i e t .  The feces  was then frozen and 
s tored  f o r  convenience. The electrochemical a c t i v i t y  and power output of 
these  mixtures has been measured, primarily a t  room temperature and without 
addi t ives .  
microbial  metabolism. 

Thus, t he  electrochemical a c t i v i t y  i s  r e l a t e d  t o  indigenous 

Theoretically,  t h e  most desirable system would be one s t a b i l i z e d  by 
the  presence of one or  a few types of microorganisms i n  large numbers and 
yielding sa t i s f ac to ry  electrochemical ac t iv i ty .  Since many of t h e  microbes 
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present i n  feces a t  the  time of elimination by the  human w i l l  not grow at 
room temperature or  t h r ive  without nu t r ien ts  or changes i n  conditions, t h e  
microbial f l o r a  w i l l  change s ign i f i can t ly  a s  t he  feces  decompose under 
indigenous a t tack .  
without s ign i f i can t  electrochemical advantage. Thus, the des i rab le  system 
should have la rge  numbers of e lectroact ive microbes t o  enhance power output. 
The described s i tua t ion  m y  be sccmplished by (1) imzu la t ing  u s e f d  
microbes i n t o  feces at  the  s t a r t  of decomposition, or ( 2 )  inoculating 
r e l a t i v e l y  small quant i t ies  of fresh feces  i n t o  r e l a t i v e l y  large quant i t ies  
of ac t ive ly  decomposing feces,  as i n  t y p i c a l  sewage treatment. A t  t h i s  time 
it cannot be s t a t ed  t h a t  e i t he r  system w i l l  be preferred f o r  the  biochemical 
f u e l  c e l l ,  but a l imited study w i l l  be conducted t o  evaluate the  differences 
i n  the  two techniques. 

This microbial change may consume considerable t h e  

The e a r l i e r  e f f o r t s  w i l l  be based upon the  addi t ion of s ing le  organisms 
i n  la rge  quant i t ies  t o  urine-feces mixtures. There a re  several  sources of 
these organisms ; (1) Contractors i n  an e s s e n t i a l l y  p a r a l l e l  type of biochemical 
f u e l  c e l l  research, ( 2 )  r e l a t ed  research i n  t h i s  laboratory, and (3) outside 
sources. One of t he  contractors engaged i n  similar research has recent ly  
provided a sample of Bacillus pas teur i i  f o r  evaluation i n  t h i s  laboratory. 

Organisms fromthe indigenous mixture i n  feces and ur ine a r e  being 
i so la ted  by adding 3% agar ( i n  a 1.5% salt so lu t ion)  t o  an equal volume of 
urine-feces and incubating p l a t e s  anaerobically and aerobical ly .  A number of 
organisms have grown moderately well on t h e  surface of agar as i so l a t ed  
colonies. Colonies of t he  microbes were t ransfer red  t o  nut r ien t  broths; 
growths i n  broths were plated on t rypt icase  soy agar. 
examined microscopically f o r  purity,  were t ransfer red  t o  s t e r i l i z e d  ur ine agar 
and urine-feces agar p l a t e s  t o  affirm gro-&h on these nut r ien ts .  
pu r i ty  of t h e  cul tures  i n i t i a l l y  isolated was established. 

I so la ted  colonies, 

Thus, t h e  

Several Gram pos i t ive  rods (Baci l lus  species by morphology and cu l ture) ,  
several  Gram negative rods, and one Gram pos i t ive  coccus have been i so l a t ed  
thus f a r .  Precise  microbiological i den t i f i ca t ion  w i l l  not be performed unless 
an organism shows s igni f icant  electrochemical a c t i v i t y  in the  f u e l  c e l l ,  
vigorous growth of one of the  above Gram pos i t ive  rods, which does not 
ob l iga t ive ly  require  urea, makes it a l i k e l y  candidate f o r  fu r the r  work. 

The 

Inocula of Bacillus pas t eu r i i  and of the  microbial candidates considered 
i n  t h i s  laboratory t o  be the  most promising fo r  f u e l  c e l l  a c t i v i t y  w i l l  be 
t e s t e d .  



V I .  Apparatus and Equipment 

A continuous flow system i s  i l l u s t r a t e d  i n  Figure 2. Two p l a s t i c  c e l l s  
a r e  i l l u s t r a t e d ,  connected so tha t  t h e  anolyte and catholyte f l a sks  a r e  common 
t o  both. The 5-neck flasks provide f o r  gas bubblers, gas re lease  tube, pH 
adjustment, nutr ient  addition, withdrawal of media t o  be pumped through t h e  
c e l l s  and returned t o  t h e  ?-neck reservoirs,  an6 s t i r r i n g  by means of mgne t i c  
s t i r r e r s .  
tubing of Tygon. 
The c e l l s  may be clamped-off from each other  when taking e l e c t r i c a l  measure- 
ments. In  t h e  foreground i s  a voltmeter, an  ammeter, and a decade res i s tance  
box. 

The c e l l s  a r e  constructed of ac ry l i c  p l a s t i c  (Lucite),  and t h e  
The pumps are located i n  the  center of t h e  photograph. 

A dismantled p l a s t i c  c e l l  is i l l u s t r a t e d  i n  Figure 3. From t h e  l e f t  i n  
the  photograph, a r e  shown a s o l i d  end p la te ,  a screen electrode with water 
repe l len t  and chemically res i s tan t  paint  t o  prevent leakage, two electrode 
reservoi rs  (one f o r  anolyte and one f o r  catholyte) ,  a second screen electrode, 
and a second end p la te ,  respectively. A separator,  such as a ce l lu lose  
ace t a t e  or ion exchange membrane (not shown) would be placed between t h e  
e l ec t ro ly t e  reservoirs .  The tubes on opposite s ides  of the  reservoirs  provide 
flow i n t o  and out of the  c e l l ,  while threaded nylon rods are passed through t h e  
holes at each corner t o  hold t h e  c e l l s  i n  place. The p l a s t i c  c e l l  i s  3 inches 
square and has electrodes 1-5/16 inches apar t ,  w i t h  an exposed diameter of 
2-1/8 inches. It i s  constructed of 80-mesh p la t in ized  platinum screen. 

The non-flow system i s  i l l u s t r a t e d  i n  Figure 4. The f igure i l l u s t r a t e s  
a g lass  H-cell, consisting of tubing about 7-3/4 inches long by 1-1/8 inch I . D .  
and has a horizontal  distance of 2-1/2 inches between v e r t i c a l  tubes. 
two halves of t h e  c e l l  a r e  joined with O-ring jo in t s ,  which a r e  held together 
with a clamp. The electrodes a r e  p la t in ized  platinum f o i l ,  with 1 square inch 
a rea  on each side,  approximately 3-1/2 inches apar t .  Gas bubblers are provided 
f o r  bubbling gaseous helium and oxygen ( o r  a i r )  over t h e  anode and cathode, 
respect ively.  
po ten t i a l s  of one electrode ( the  anode) versus a reference electrode ( sa tura ted  
calomel). 

The 

A Luggin capi l la ry  (salt  bridge) provides measurements of 

Many s t a t i c  c e l l s  may be used i n  screening experiments, so that com- 
parisons of several  separator and electrode materials may be conducted 
simultaneously. 
ing voltage or current a t  prearranged time in te rva ls .  

A d i g i t a l  printout box w i l l  accommodate up t o  50 ce l l s ,  read- 
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V I I .  Future Work 

During t h e  next quarter,  invest igat ions w i l l  be conducted i n  the  
following areas: 

A. 

B. 

C. 

D, 

E. 

F. 

G.  

H. 

I. 

Limited s tudies  regarding t h e  addi t ion of enzymes t o  
feces-urine mixtures tc! form spec i f ic  p r o c ? ~ c t s .  

Comparison of a d i r ec t  b iofue l  c e l l  with an ind i r ec t  one; 
i.e., t h e  comparison of t h e  biofuel  c e l l  a c t i v i t i e s  of 
systems wherein t h e  biological  and electrochemical sites 
a re  comon as contrasted t o  those i n  which they  a r e  
separated. 

Galvanometric and coulometric s tudies  of feces-urine f u e l  
c e l l s  t o  determine the  t o t a l  amount of energy avai lable .  

Bomb calor imetr ic  s tudies  t o  determine hea ts  of combustion 
of dr ied  feces.  

Po ten t io s t a t i c  tes ts  of b iofue l  c e l l s  containing feces- 
ur ine  mixtures. 

Continued reproducib i l i ty  and polar iza t ion  s tudies .  

Pretreatment of feces-urine mixtures chemically and 
bacter iological ly .  

Limited chemical analyses of feces-urine mixtures after 
various time in t e rva l s  i n  biofuel  c e l l s .  

Continued s tudies  of e f f ec t s  of materials and of e f fec t ive-  
ness of s t e r i l i z a t i o n  techniques i n  the  b iofue l  c e l l  
invest igat ions.  
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GDRKMATON 

CALCULATIONS OF CELL, CONSTANTS 

The c e l l  cmstants were ca l cu l a t  ed from t h e  f ollowincr, equations : 

d 
AR 

L = JK = J/R = - 

L = l / k  

L = spec i f i c  conductance of t he  solution (mho/cm.) 

k = spec i f ic  res i s tance  of the  solution (ohm-cm.) 

K = conductivity of t h e  solut ion (mho) 

d = distance between electrodes (cm.) 

A = cross sect ion of e l ec t ro ly t i c  path (sq,cm,) 

A = equivalent conductance of solution (mho/equivalent/sq. cm, ) 

c = concentration of solut ion (equiva len ts / l i t e r )  

J = c e l l  constant (cm.-l) 

R = measured resis tance (ohms) 

Equivalent conductivit ies ( A ) and spec i f ic  conductivit ies (L)  of various 
e l ec t ro ly t e s  may be obtained from several  sources (1-4), and t h e  spec i f i c  
res i s tance  (k) can be calculated fromthem. 
res i s tance  of saturated potassium chloride, used i n  obtaining t h e  c e l l  constants 
tabulated i n  Table 111, is  2.45 ohm-cm. 
res i s tances  of t h e  various ce l l s ,  the data of Table I11 were obtained. 

For example, t h e  spec i f ic  

Using t h i s  value and measuring t h e  
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The technique used i n  making these determinations w a s  t h a t  of four-electrode 
conductometry. Briefly,  i n  t h i s  procedure four electrodes were used; two 
p la t in ized  platinum f o i l  electrodes were inser ted i n  t h e  conductivity c e l l  
shown i n  F i g i r e  1 t o  carry the  current, and two saturated calomel reference 
electrodes were placed between t h e  two platinum electrodes.  
c e l l  is  r e l a t i v e l y  long and narrow t o  provide e s sen t i a l ly  p a r a l l e l  e lec t ro-  
l y t i c  paths. The reference electrodes were placed at t he  upper edge of t h e  
platinum electrodes t o  avoid shielding. 

The conductivity 
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APPENDIX B 

DATA AND APPARATUS 
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R-16,214 
Neg. 4841-3 UNCLASSIFIED 

I 
Figure 1 
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I 

R-16, 215 
U NCLASS I FI ED Neg. 4805-1 Figure 2 
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R-16,216 
NEG. 4702-31CN UNCLASSIFIED Figure  3 
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R-16, 217 
Neg. 4831-3 

H-CELL; O-RING JOINT TYPE (CLOSEUP) 
Paga 25 

I 

UNCLASSIFIED Figura 4 
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SEPARATOR : 

O-RINGS: 

ELECTRODES: 

CATHOLYTE: 

H-CELL, GLASS, O-RING TYPE, 
NON-PUMPING 

CELLULOSE ACETATE 

SILICONE 

PLATINIZED Pt FOIL, 1 sq. In. ON 

8 gms. LYOPHILIZED, HUMAN FECES, 

EACH SIDEI. NON-OPPOSING FACES 
COATED WITH WATER RESISTANT 
PAINT 

5 wt. 74 NaCl- 5% KCI IN STERILE, 
DEIONIZED WATER, WITH O2 GAS 

IN 100 ml. FROZEN, THAWED, AND 
REHEATED, NON-STERILE, HUMAN 
URINEI. HOMOGENIZED. BUBBLED 
WITH PURIFIED NITROGEN 

TIME, hr Figuro 7 R-16,186 
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ANODIC POLARIZATION 
VEGETARIAN FECES 

SEPARATOR: CELLULOSE ACETATE 
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0 
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t )  

. FUEL-ANOLYTE! ' " 

I STERILE, HUMAN URINE, FROZEN, 
Q< , THAWED, AND REHEATED) HOMOGENIZED. 

,& 

CELL: GLASS, STATIC, H-SHAPE, O-RING TYPE 

R-16,184 TIME, hr 
Figuro 8 
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TABLE I 

Saturated KC1 

0.1 N K C 1  

2.5% N a C l  by weight + 
2.5% K C l  

5$ N a C l  by weight + 
5k K C 1  

Frozen ur ine,  f i l t e r e d  

Fresh ur ine  

Urine, frozen then thawed 
at room temperature 

Deionized water 

F i r s t  Test 
Frequency (cps)  

400 1000 - - 

23-59 23.56 

13.21 13.21 

94.05 93.53 

59.81 59.10 

92.2 95.3 

Second Test 
Frequency (cps)  

- 400 - 1000 10,000 

3 . 1  3.4 3.4 

148.8 148.4 145 3 

23 034 23.06 -- 

92.2 95.3 96.0 
6 Exceeds 2 x 10 
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TABLE I11 

CELzl CONSTANTS 

Electrolyte:  Saturated K C l  solut ion 

Temperature: 25OC 

Conductivity 

H - C e l l ,  0-Ring Type 

H-Cell, Sintered 

Plug Type 

H - C e l l ,  S intered 

Plug w i t h  Agar 

Frequency 
( cycles/sec) 

400 

1000 

400 

1000 

400 

1000 

400 

1000 

Resistance 
( ohms ) 

5 223 

5 047 

4.931 

4.895 

4.847 

4 734 

4.912 

4.804 

Cell  Constant 
(em. -1) 

2.13 

2.06 

2.01 

1.99 

1.98 

1.93 

2.00 

1.96 
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TABLE Iv 

POLARIZATION AND POWER DATA 

A. Flowing Svstem 

R u n  No. 1 2 3 

Peak Anodic Power 
Density (mw./sq.ft.) 

Peak To ta l  Power 
Density (mw./sq.ft.) 

Short C i rcu i t  Current 
Density (ma. /sq. f t  . ) 

1.3 0.33 0.15 

- 0.59 0.22 

36 11 4 

Open Ci rcu i t  Anodic 
P o t e n t i a l  a t  t i m e  of 
po la r i za t ion  study ( v o l t )  0.591 -0.435 -0.460 

Best Anodic Open Ci rcu i t  
P o t e n t i a l  ( vo l t  ) 0.591 -0.475 - 

pH, I n i t i a l  - - 
pH, F i n a l  8.3 7.9 - 
Duration of T e s t  (hours ) 68 144 
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TABLE IV 

POLARIZATION AND POWER DATA (continued) 

B. Non-Flow System ( cont ) 

Run No. 

Peak Anodic Power 
Density (mw./sq.ft.) 

Peak Total  Power 
Density (mw./sq.ft.) 

Short-circuit  Current 
Density (ma./sq,ft .)  

10 11-1 11 - I1 

1.6 - - 

2.3 - - 

33 - - 
Open-circuit Anodic 

Poten t ia l  at time of 
po lar iza t ion  study (vol t  ) -0.638 - - 

Best Anodic Open-circuit 
Poten t ia l  ( volt  ) -0.719 -0.652 -0.462 

pH, I n i t i a l  7.6 7.w 6.95 

Duration of Test (hours) 89 254 254 

*pH of s t e r i l e  portion; non-steri le portion w a s  6.95 



TABLE V 

STATISTICAL DATA FOR REPRODUCIBILITY TFSTS 

Phase I I1 I11 I V V  

Mean maximum difference 16.49 20.36 40.50 9.04 37 
(millivolts ) 

Mean deviation of maximum 
differences 9.58 10.213 31.84 .96 3.0 

Standard devlat ion of maximum 
differences 11.63 18.09 37.44 1.19 3.55 
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